High-quality 3D seismic data are used to investigate the effect of the Parihaka Fault on the geometry of 11 submarine channels in Northern Graben of the Taranaki Basin, New Zealand. The Parihaka Fault comprises 12 four segments (S1 to S4) with variable displacements. As part of the Plio-Pleistocene Giant Foresets 13 Formation, the older Channel Complex Systems 1 and 2 reveal a two-stage evolution: 1) a syn-tectonic 14 depositional stage with channels incising the slope during early fault growth (~4.5 Ma) and 2) a stage of 15 sediment bypass (~3 Ma) leading to the infill of hanging-wall depocentres. Channel Complex System 3 is syn-16 tectonic relative to segment S3 and was formed at ~ 2.5 Ma. We show that the successive generation of new 17 fault segments towards the north controlled the formation of depocentres in the study area. This occurred in 18 association to rotation and uplift of the footwall block of the Parihaka Fault and subsidence of its hanging-wall 19 block, with fault activity controlling the orientation of channel systems. As a result, we observe three drainage 20 types in the study area: oblique, transverse and parallel to the Parihaka Fault. This work is important as it 21
Introduction 31
Relay ramps are a type of transfer zone developed between overlapping, reoriented fault segments that 32 dip in the same direction (Fossen and Rotevatn, 2016 The bounding surfaces of four large-scale submarine channel complex systems (Channel Complex Systems 148 1-4) were mapped using the procedure described by Deptuck et al. (2003) . This procedure consists in the 149 identification of the lowermost continuous channel incision surface on seismic profiles. Channel complexes 150 represent groups of discrete submarine channels, while channel complex systems represent confined groups of 151 channel complexes (Mayall et al., 2006) . Submarine channels' hierarchical frameworks were thus identified 152 based on: a) the geometry of channel fill strata, b) vertical and lateral channel stacking patterns, and c) the 153 relative distribution of their bounding surfaces (Abreu et al., 2003; Clark and Pickering, 1996; Mayall et al., 154 2006 ). In addition, confined channels tend to exhibit important vertical stacking, whereas sinuous and less 155 confined channels tend to show lateral stacking (Abreu et al., 2003; Clark and Pickering, 1996) . Distinct 156 stacking patterns in submarine channels result from gradual to abrupt shifts in their position(s). 157
The Parihaka 3D seismic volume was flattened to remove discontinuities and reveal periods of syn-158 depositional fault growth, thus highlighting the relationship between submarine channels and the Parihaka 159 Fault (cf. Lee, 2001; Lomask, 2003) . Faults bounding the relay ramps were identified on the seismic lines as 160 overlapping, laterally continuous structures (Long and Imber, 2011) (Fig. 2c) . We used horizon TC, with an 161 estimated age of 2.45 Ma based on foraminifera samples (Salazar et al., 2016) , as the reference horizon to 162 flatten the seismic volume. 163
Horizon TC post-dates the onset of reactivation of the Parihaka Fault during the Plio-Pleistocene, allowing 164 us to investigate the influence of this structure on Channel System Complexes 1 and 2. In order to include 165
Channel System 3 in this analysis, we flattened the seismic cube using the top prograding horizon H3 (1.26 166 Ma) as reference, as this channel system incises horizon TC (Fig. 2c) . 167
The three-dimensional geometry of channels at depth was investigated using a quantitative approach. The 168 distribution of channel system complexes was measured in relation to channel points (CP) located at the base 169 of the channels (Gamboa et al., 2012) (Fig. 5a ). The channel points (CP) method is scale-and survey-170 independent, consisting in the plotting of CPs at the base of channels on variance time slices. The maximum 171 channel width between each sides of the channel complex system, and the maximum channel height measured 172 from the top to the base of the channel complex system, were computed for each channel point. We used a 173 spacing of 25 ms TWT between each time slice, at a depth varying between 864 ms and 2616 ms TWT. These 174 depths correspond to the shallowest and the deepest submarine channels on the variance slices (Figs. 5b -5e) . 175
The location of the channel points (X, Y, and Z) were exported into ArcMap and gridded using the ordinary 176 kriging method with a polygon delimiting the study area. A channel point density map based on the overall 177 spatial arrangement of the CPs was thus created to highlight the degree of variability in channel clustering and 178
distribution. 179 180

Geometry of the main channel sequence and interaction with the Parihaka Fault segments 181 182
The interval of interest to this work is bounded at its base and top by horizons BC and TC (Figs. 2c and  183 4a). It is part of the Giant Foresets Formation (Fig. 3) . Horizon BC is a medium-to high-amplitude positive 184 reflection, continuous on the footwall of the Parihaka Fault, and offset by faults on its hanging-wall (Figs. 2c6 and 4a). The depth of Horizon BC ranges between 1250 ms and 1500 ms TWT on the footwall block, and 186 between 2150 ms and 2250 ms TWT on the hanging-wall block, with an overall dip to the E and NE, 187 respectively (Fig. 4a) . Horizon BC correlates with the base of seismic unit SU2 in Salazar et al. (2016) , dated 188 as 4.5 Ma using foraminifera (Morgans, 2006) . 189
Horizon TC is a medium-to high-amplitude positive reflection incised by small-scale channel tributaries 190 and is offset by the Parihaka Fault (Figs. 2c and 4b) . The base of horizon TC ranges in depth between 900 ms 191 and 1050 ms TWT on the footwall block, and 950 ms and 1450 ms TWT on the hanging-wall block (Fig 4b) . 192
It corresponds to the top of the seismic unit SU5 of Salazar et al. (2016) , with an assigned age of ~ 2.45 Ma 193 (Morgans, 2006) . The thickness of the main channel sequence, between horizons BC and TC, varies from 350 194 m to 400 m on the footwall block (Fig. 4c) . The thickness of this same interval reaches its lowest value (200 -195 250 m) along the discrete Parihaka Fault segments. On the hanging-wall block, two thickness maxima are 196 observed between horizons BC and TC (500 -800 m). They are referred herein as depocentres 1 and 2 (Fig.  197 
4c). 198
The interval between BC and TC comprises high-amplitude prograding reflections incised either by single 199 channel complex sets with a large erosional base, or by multiple basal tributaries with widths up to 1 km. These 200 tributaries converge to form a large channel complex system (Fig. 6 ). Channel fill deposits are low-to medium-201 amplitude, chaotic and discontinuous reflections (Fig. 6 ). Evidence for vertical and lateral stacking of the 202 channel bodies is observed throughout the study area ( Channel Complex System 1 is a ~27 km long conduit offset by segment S1 (Figs. 7a and 7b ). This channel 208 complex system extends beyond the limits of the seismic volume. The erosive base of the channel complex 209 system is observed on seismic at a maximum depth of 1100 ms TWT below the sea floor. Isolated channels 210 with widths up to 1 km and thicknesses of up to 200 m are recognised as tributaries to this channel system on 211 the footwall block (Fig. 6a) . 212 Segment S1 shows a horsetail geometry in the southern section (section A-B, Fig. 6a ), comprising faults 213 initiated below horizon BC that propagate to a depth of 1250 ms TWT. Lateral migration at the base of this 214 channel complex system indicates a deflection of the channel course, and vertically stacked channel complex 215 deposits are observed on the hanging-wall block (Fig. 6a) . 216
The channel complex sets in the central profiles (profiles C-D and E-F; Figs. 6b and 6c) are characterised 217 by planar to slightly concave-upward basal surfaces in a multistorey (nested) offset stacking arrangement. In 218 section E-F, Channel Complex System 1 reaches its maximum width (10.4 km), as deposits seem to be less 219 confined, a character suggesting the deposition of multiple submarine fans. In the northern section, the erosive 220 base of Channel Complex System 1 is clearer than in section E-F, and multiple planar to slightly concave 221 upward lobate surfaces are observed (section G-H; Fig. 6d ). The main channel direction in the footwall block 222 is SW-NE, with two main branches forming angles of 44 o and 65 o with respect to segment S1 (Fig. 7a) . A third 223 tributary is perpendicular to the trace of segment S1, whereas the northernmost tributary of Channel Complex 224 System 1 forms an angle of 85 o to this segment (Fig. 7a ). This channel system is oblique in relation to S1. 225
Channel Complex System 1 changes its sinuosity to the SE of the study area, where meandering channels are 226 observed on the hanging-wall block (Figs. 7a and 7b) . 227
Confluence of these branches occurs on the fault-bounded slope, and a single conduit is observed on the 228 hanging-wall block ranging in with from 0.9 km to 3.3 km. Away from S1, this channel system reaches 229 thicknesses of up to 350 metres (Fig. 7b) , coinciding with the location of Depocentre 1 (Fig. 4c) . In the 230 unflattened seismic section a similar channel-fill reflection pattern, with continuity interrupted by S1, is 231 observed on both the footwall and hanging-wall blocks (Fig. 7c) . In the flattened seismic section, using horizon 232 TC as a reference, the removal of segment S1 allows the reconstruction of the original position of Channel 233
Complex System 1, suggesting that reactivation of S1 around 3.7 Ma generated accommodation space on its 234 immediate hanging-wall block (Fig 7d) . 235 236
Channel Complex System 2 237 238
Channel Complex System 2 is a ~15 km-long channel complex system located in the central part of the 239 study area, within the limits of the Parihaka 3D volume (Fig. 8) . The confined base of this channel complex 240 system initially forms an angle of 61 o to the NNE-striking segment S2 on the footwall block. It then forms a 241 perpendicular angle to S2 on the hanging-wall block (Figs. 8a and 8b). This channel system is thus classified 242 as being transverse to S2. Channel orientation downdip varies from SW-NE to W-E, adjacent to S2, to SW-243 NE towards the limits of the seismic survey (Fig. 8b) . suggests that the development and growth of this fault segment had an important role in the creation of 273 accommodation space later filled by Channel Complex System 3 (Fig. 9d) . 274 275
Channel Complex System 4 276 277
Channel Complex System 4 is a >18 km long meandering channel complex system located in the northern 278 part of the study area. It incises a prograding sequence on the footwall block (Fig. 10a) . This channel complex 279 system is not offset by any of the Parihaka Fault segments. However, at a distance of 2 km from S3, the erosive 280 base of the channel changes from SW to NW, following a direction that is initially parallel to S3 to then trends 281
Channel System 4 remains mostly confined and reaches a maximum thickness of 300 m towards the end 283 of the seismic survey (Fig. 10b) . This conduit was filled in a series of multistorey nested offset to vertically 284 stacked channel complex sets, before changing its course to NW (Figs. 6c and 10c) . 
Channel density in the study area 288
Channel Point (CP) distribution maps ( Fig. 5b to 5e ), and corresponding density plots (Fig. 11) , reveal 289 that channels occur predominantly between 864 ms and 1152 ms TWT on the footwall block (Figs. 5b and 11) . 290
Channel Points for Channel Complex System 4 are concentrated in the interval between 1152 ms and 1440 ms 291 TWT (Fig. 5c) . A large channel is observed in the southwestern portion of the study area at a depth ranging 292 9 from 1440 ms to 1728 ms TWT (Fig. 5d) . Channel points on the hanging-wall block predominate at depths 293 ranging from 1152 ms to 1440 ms TWT and 1440 ms to 1728 ms TWT (Figs. 5c and 5d ). Only a small number 294 of channels were recorded between 1728 ms and 2016 ms TWT (Fig. 5e) . 295
Two areas of relatively high channel concentration are observed on density point data (Fig. 11) . The first 296 area corresponds to the position of Channel Complex System 4 on the footwall block. The second area is 297 located adjacently to the hanging-wall of S2, in the position of Channel Complex System 2 (Fig. 11) . Figure  298 11 also shows a medium channel density in the areas corresponding to Channels Systems 1 and 3. Channel 299 density is low adjacently to the three relay ramps developed between the Parihaka Fault segments (Fig. 11) . 300 301 6. Discussion 302
The Parihaka Fault and associated drainage systems 303
In this work, two factors emerge as major controls on the creation of hanging-wall depocentres: 1) the 304 reactivation of the Parihaka Fault segments S1 and S2, and the later development of S3 and S4, and 2) the high 305 sedimentation rates recorded in the Taranaki Basin during the Plio-Pleistocene. These two controls are 306 interpreted to have influenced channel evolution and distribution at different scales (Fig. 12) . In the study area, 307 three main drainage types related to the orientation of fault segments are observed: oblique, transverse, and 308 parallel drainage (Fig. 12) . The distribution, position and thickness of each of these drainage types were 309 controlled by the orientation of the fault segments, fault displacement and tectonic subsidence rates (Eliet and 310 (Fig. 7b) . On the hanging-wall block, multistorey vertically and laterally nested channel 316 complex sets are observed (Fig. 7c) . 317
The flattened seismic section in Fig. 7d suggests that Channel Complex System 1 was initially developed 318 in the southern part of the study area, before S1 was reactivated in the Early Pliocene. However, from Fig. 12  319 one can also observe a clear relationship between the angles between tributaries in Channel Complex System 320 1 and segment S1. Fault throw is also larger towards the centre of the fault, where channel tributaries converge, 321
indicating that the reactivation of segment S1 affected the channels (Fig. 12) by creating accommodation space 322 on the hanging-wall block (Fig. 4c) . 323
Channel Complex System 2 is an example of a transverse drainage system showing deflection of its initial 324 path towards the trace of segments S2 and S3 (Fig. 8) . Deflections in Channel Complex System 2 reveal that 325 channel evolution was controlled by fault orientation and uplift and rotation of the footwall block (Hubbard et 326 al., 2014; Soreghan et al., 1999) . The seismic profile flattened on horizon TC shows a continuous segment S2 327 at 2.45 Ma, suggesting that it was active at this time and contributing to the creation of accommodation space 328 on the hanging-wall block (Fig. 8d) . It also indicates that downslope progradation of the Giant Foresets 329
Formation sediments, downstream of segments S1 and S2, occurred in at least two phases when considering 330 Channel Complex Systems 1 and 2. The first phase (~4.5 Ma) is syn-tectonic and related to incision of the 331 fault-bounded slope between the footwall and hanging-wall blocks, corresponding to the early stages of fault 332 growth and subsidence of the Northern Graben (Giba et al., 2012). The second phase (~3 Ma) is related to a 333 relative sea level lowstand and is characterised by sediment bypass towards the basin depocentre (Salazar et 334 al., 2016). It deposited relatively less confined, thicker deposits (Figs. 8c and 8d) . 335
Channel Complex System 3 is another example of a transverse drainage system. In contrast to Channel 336
Complex System 2, this channel system incises horizon TC with two tributaries that converge on the slope of 337
S3. Such a geometry indicates that the deposition of Channel Complex System 3 occurred during the Late 338
Pliocene, whereas Channel Complex Systems 1 and 2 developed during the Early Pliocene. The geometry of 339 Channel Complex System 3 highlights the active growth of segment S3 (Fig. 9) . 340
Transverse channel migration was responsible for both lateral migration and vertical stacking of channels 341 in the study area. The syn-tectonic evolution of Channel Complex Systems 2 and 3, due to reactivation of S2 342 and onset of S3 is characteristic of half-graben systems showing transverse drainage systems, and common in 343 areas of active extensional tectonics (Ge et al., 2017; Ravnås and Steel, 1998 ). An analogue example is 344 observed in the Niger Delta, where half-grabens have continuously controlled the position and distribution of 345 turbidite channel complexes in proximal areas of the Nigeria's continental slope (Morgan, 2004) . 346
Channel Complex System 4 is located on the footwall block of the Parihaka Fault, with an initial SW-NE 347 direction (Figs. 10a and 10b) . Instead of following oblique to transverse pathways in relation to the fault trace, 348
Channel Complex System 4 is deflected in the proximity of S3. The movement of S3 and S4 in the northern 349 part of the study area resulted in the rotation and uplift of the footwall block close to the fault scarp. This is 350 the main cause for the diversion of Channel Complex System 4 to the NW of the study area (Figs. 10a and  351 
10b). 352
Local subsidence along the Parihaka Fault is interpreted from the sediment thickness map extracted 353 between horizons BC and TC, where two depocentres were developed on the hanging-wall block towards the 354 NE (Fig. 4c) 
Limited influence of relay ramps on sediment sourcing into hanging-wall deposition 366
Displacement accommodation between individual fault segments is often enhanced by the formation of 367 intrabasin transfer zones or relay ramps, especially when the geometry of faults follows an en echelon stepping 368 pattern (Leeder and Gawthorpe, 1987) . Intrabasin relay ramps may influence sedimentation trends on a local 369 scale to act as pathways for turbidity currents, especially in transverse drainage systems (Anderson et The geometry of relay ramps in the study area is consistent with the axial through-drainage facies model 383 of Leeder and Gawthorpe (1987) , in which mini-grabens developed in the zone between two en echelon normal 384 faults confine the channel deposits as vertically-stacked units bounded by faults. However, the transverse 385 orientation of the channels flowing towards the Parihaka Fault segments, the absence of interpreted submarine 386 fans on the seismic profiles, and cross-correlations between channel-density ( Fig. 11 ) and thickness data (Fig.  387   4c) , do not show a concentration of channels around the transfer zones to support the trapping of channel 388 deposits by relay ramps. 389 A ~ 500 m width transfer zone developed between segments S3 and S4 was identified as an unbreached 390 relay ramp, as these segments are not linked at depth (Fig. 6d) . Its development resulted from the large 391 displacement of the northern section of the fault system due to its sub-optimal strike in relation to regional 392 extension. The large displacement recorded in the northern part of the study area led to repeated rotation of 393 beds in the relay ramp, and significant hanging-wall deformation (Giba et al., 2012), a factor accounting for 394 the lower gradient slope and offset in this zone. The submarine channels surrounding the ramp do not show a 395 clear convergence of footwall drainage systems flowing through the relay ramp, preferentially feeding into the 396 hanging wall sub-basin. 397 398
Channel deposit thickness and implications for petroleum systems 399
While significant subsidence occurred in the Taranaki Basin during the Cretaceous-Eocene (Giba et al., 400 2012; King and Thrasher, 1996) , this study focuses on the Pliocene syn-rift phase, in which submarine channel 401 complex systems were able to form. The thickness map of the main channel section (between horizons BC and 402 TC; Fig. 4c ) and seismic profiles in Figs. 7 to 10 indicate that the accommodation space was primarily located 403 on the hanging-wall block of the Parihaka Fault system, where two depocentres were formed to the NE of the 404 study area (Fig. 4c) . However, the great thickness of the hanging-wall block is not reflected in the channel 405 density plot (Fig. 11) , where channel density is shown to be larger around Channel Complex Systems 2 and 4. 406
Evidence for channels close to relay ramps is scarce both on the channel density plot (Fig. 11) and on the 407 isochron map in Fig. 4c . This latter observation proves the minor influence that relay ramps had on channel 408 configuration (Fig. 11) . 409 The rapid deposition of sediment in the Giant Foresets Formation can either influence the migration of 418 hydrocarbons or comprise a potential hydrocarbon reservoir seal (Stagpoole and Funnell, 2001 ). Rapid 419 sediment accumulation rates during basin development may also contribute to increasing thermal gradients, 420 hydrocarbon maturation and migration through a petroleum system (Spencer, 1987) . However, no evidence 421 for fluid accumulations were found in the interpreted seismic data. The well Arawa-1 recorded three significant 422 dry gas peaks at the top of the Moki Formation, below the interval of interest of this work (Arco, 1992). Based 423 on the interactions between tectonic subsidence and fast sedimentation related to the opening of the Northern 424
Graben we can infer any fluids generated in the study area migrated upwards along the Parihaka Fault. 425 426
Conclusions 427
The importance of structural controls on submarine channel deposits motivated the analysis of the 428 Parihaka 3D seismic volume as a case study that can be extrapolated to other areas where faulting influences 429 the geometry of channel drainage networks. In parallel, this study aimed at evaluating the location of large with two depocentres identified in the NE. We propose that Channel Complex System 2, on the footwall 448 block, comprises an important hydrocarbon reservoir in the study area. Vertically-and laterally-stacked 449 channel complex systems, where the progradational sequences of the Giant Foresets Formation rapidly 450 accumulated on the hanging-wall block, may also comprise competent reservoir units in the study area. 451
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